DNA from transducing bacteriophage that carry the structural gene for the 3 subunit of RNA polymerase has been used to direct protein synthesis in a cell-free transcription-translation system. A polypeptide species has been detected which appears to be j3-subunit material made in vitro.
The DNA-dependent RNA polymerase of Escherichia coli has a core structure of at least four subunits: a,a, (, and (3' (1) . Each of these subunit types must be present for catalysis of RNA synthesis (2) . The holoenzyme also contains another protein, o, which is required for initiation of specific transcription of certain DNA templates (3) . Little is known about the organization and control of the genes for these polypeptides. Since the subunits are present in a fixed stoichiometry in the complete structure, a reasonable hypothesis is that the subunits are subject to coordinate synthesis and control; specifically, the structural genes for the subunits might form an operon. In an apparently similar case, the structural genes for several ribosomal proteins are contained in one transcriptional unit (4) .
RNA polymerase is inhibited by the antibiotic rifampicin (5) . Mutation to rifampicin resistance can result in an altered ( subunit (2) , and such rifr mutations map close to the arg E locus on the genetic map (6) . Several other drug-resistant, nonsense, and temperature-sensitive mutations have been described that alter RNA polymerase and map in this region (see ref. 7 for a review). At least one of these, rip-51, is probably not a mutation in the # subunit (8) . However, no mutation has been positively identified as resulting in altered (3', a, or a subunits or in a change in a control region for any structural gene, so that the genetic organization is obscure. 4)80 transducing phage have been constructed that carry the rift locus. In a lysogen, these specify the complete rifampicin-resistant (3 subunit (Konrad, Kirschbaum, and Austin, in preparation). We have used these 080drifr phage as the basis for a new approach to problems of the genetic organization of RNA polymerase subunits. We have used 4)80drifr DNA as a template for protein synthesis in a cell-free coupled transcription-translation system (9). The radioactively labeled polypeptide products of this system can then be fractionated by polyacrylamide gel electrophoresis, which separates # and (3' polypeptides from most other proteins (10) . This system should give information on whether the cistrons for subunits of RNA polymerase, other than (3, are present on the fragment of the bacterial chromosome carried by these phages. The system should also be useful for study of the control of synthesis of RNA polymerase.
Previous work on synthesis of defined bacterial proteins in cell-free transcription-translation systems has been directed to the study of inducible or repressible systems, each of which is dispensible in some cell environments (11) (12) (13) (14) (15) . In contrast, we are concerned here with synthesis of a protein, RNA polymerase, that is of central importance in the cell, and is therefore more refractory to study by genetic methods.
This paper describes the system used and initial results obtained with it.
MATERIALS AND METHODS
Bacteriophage DNA Preparations. 080drifr phages were propagated by UV induction of a )80 4)80drijr double lysogen.
Cultures were shaken with chloroform, then centrifuged at low speed to remove cell debris. The phage were precipitated with polyethylene glycol (16), collected by low-speed centrifugation, and suspended in about 1/30 of the original volume. Phage were purified first by centrifugation through a CsCl block gradient (17) , then by banding in a CsCl equilibrium gradient. This procedure failed to separate 480 and 080drifr into discrete bands, so the DNA preparations used contained both 480 and 080drifr DNAs. 4)80dlacill phage was prepared in the same way from a double lysogen of 480 and 480dlaciii (18) . 480 phage was prepared by infection of E. coli K12 W3110 with 480, and was purified as above. DNA was extracted from these phage preparations with phenol (9) .
Protein Synthesis In Vitro. The coupled transcriptiontranslation system used was that described by Zubay et al. (9) , except for changes noted. S30 cell extracts were prepared from strain 514 of G. Zubay was used as template, 10 1Al of the incubation mixture was then removed for assay of f-galactosidase activity (9) . Two methods were used to separate polypeptides from un-
Method I. The sample volume was adjusted to 0.5 ml with water. The sample was passed over a 15-ml Sephadex G-25 column equilibrated at room temperature (250) with 0.1 M Tris * HCl (pH 6.8). 0.6-ml Fractions were collected, and 5-iul aliquots were taken for scintillation counting. The front peak fractions were pooled, and the volume was reduced to about 0.2 ml in a Schleicher and Schuell collodion bag filtration apparatus.
Method 2. The sample volume was adjusted to 0.5 ml with 0.1 M Tris*HCI (pH 6.8), 0.1% Na dodecyl sulfate, 0.1% 2-mercaptoethanol, 2 mM ileucine, and heated at 1000 for 5 min. The sample was then dialyzed at room temperature against four changes, each of 50 ml, of the same solution.
Both of these methods gave 3 to 9 X 107 3H cpm in polypeptide material from 0.1 ml of a synthetic mixture.
Polyacrylamide-Gel Electrophoresis. Material obtained by either of these methods was used for Na dodecyl sulfate-polyacrylamide gel electrophoresis according to Laemmli (19) , with the following modifications. The lower gels contained 7.5% polyacrylamide and were 10 cm long and 0.5 cm in diameter. The reservoir buffer was 0.05 M Tris-glycine (pH 8.6) containing 0.1% Na dodecyl sulfate and 0.1% 2-mercaptoethanol. Samples were prepared in 0.1-0.2 ml, containing 20% glycerol, 5% Na dodecyl sulfate, 5% 2-mercaptoethanol, and 0.06 M Tris HCl (pH 6.8), and were heated at 600 for 5 min. Gels were run for 24 hr at a constant potential difference of 40 V. The gels were fixed overnight in 20% 5-sulfosalicylic acid. They were stained for 3-4 hr in 10% trichloroacetic acid containing 0.1 mg/ml of Coomassie Brilliant Blue, then destained by diffusion in 10% trichloroacetic acid. The stained gels were frozen on solid CO2 and sliced by pressing into a stack of razor blades with 1-mm spacing. On removal of the gel from the stack, stained bands could be identified with individual slices. Each slice was oxidized for several hours at 370 in a scintillation vial with 0.25 ml of 30% hydrogen peroxide containing 2% (v/v) concentrated ammonium hydroxide. Samples were then counted in 5 ml of Aquasol (New England Nuclear Corp.) scintillation fluid.
RESULTS
The two largest subunits of RNA polymerase, # and #', have molecular weights of 155,000 and 165,000, respectively (1). These are the largest polypeptides present in quantity in the E. coli cell, and they can therefore be separated from other cell proteins by Na dodecyl sulfate-polyacrylamide-gel electrophoresis, which fractionates according to molecular weight (10 When DNA from either of two independently isolated 4o80driir phage was used as template in this system, we obtained the results shown in Fig. la and b . The profile of radioactivity could be compared precisely with the positions, on the same gel, of the stained bands for and 13' subunits. These stained bands, derived from the cell extracts used for the protein synthesis in vitro, were clearly visible in the gels, well-separated from other stained bands, and in positions -identical to those observed with purified polymerase. With both o80driir DNAs, a peak of radioactivity coincided with the stained band. We shall refer to this as the Speak material. No peak of radioactivity corresponding to 13' was detectable. At least two other peaks were seen on the lowermolecular-weight side of 13 . Only the 480drifr DNAs specified polypeptides in this high-molecular-weight range (larger than about 140,000); none was found with either 480 or k80dlac DNAs (Fig. 2) . DNA from 480dlac does, however, direct the synthesis of a polypeptide with the mobility expected for the 13-galactosidase monomer of 135,000 molecular weight (20) . Synthesis of 13-galactosidase could also be demonstrated by enzyme assays.
Material was prepared for polyacrylamide gels in these experiments by Method I as outlined above. To ensure that the absence of a 13' peak was not due to destruction of 13' polypeptide during isolation, a preparation was made with Method 2, which uses Na dodecyl sulfate and heating to inactivate any proteases immediately after the synthetic incubation. However, both procedures gave identical gel patterns.
We have repeated these experiments eight times, using two different S30 extracts. The gel patterns obtained were reproducible. Four experiments using a third independently prepared S30 extract gave similar yields of Speak material, but consistently lower amounts of material in the lower molecular weight region of the gels (Fig. ic) .
By use of a modified fractionation technique (Fig. 3) it was possible to locate the positions of a and a subunits in gels run with phage DNA-directed material. As both 480drifr and 480 gels contained large amounts of labeled material in the a and a regions, it was not possible to determine whether these subunits are synthesized from the 080drifr template (Fig. 3) .
Synthesis of enzymes from operons of the "catabolite sensitive" class depends on the presence of 3': 5'-cyclic AMP. For the lac, ara, and gal operons, this dependence has been demonstrated with protein synthesis systems in vitro (21, (12) (13) (14) . We, therefore, looked to see whether the synthesis of 13-peak material is cyclic AMP-dependent. Omission of cyclic AMP from the synthetic mixture had no effect on the gel pattern obtained with the 080drifr DNAs (Fig. id) . Synthesis of 1-galactosidase from 480dlac DNA was highly dependent on cyclic AMP, however, as judged by enzyme assays and the effect on the presence of the 13-galactosidase peak in gels (Fig.  2b) .
The nucleotide ppGpp, which stimulates expression of the lac and ara operons in vitro (22, 12) , also had no significant effect on the synthesis of 13-peak material (Fig. ld) .
DISCUSSION
We have used DNA preparations from two independent 080-drifr phage to direct the synthesis in vitro of a large polypeptide that has a molecular weight apparently identical to that of the 13 subunit of RNA polymerase. This material is not made when 480 or k80dlac DNAs are used as templates. In the lysogenic state these phage direct the synthesis of an intact 13 subunit in vivo (Konrad, Kirschbaum, and Austin, in preparation). We therefore consider it likely that the peak of radioactivity coinciding with the position of 13 subunit on polyacrylamide gels represents 13 subunit made in vitro.
In E. coli, the 13 and 13' polypeptides are present in equimolar amounts (10) . If 080drift DNA contained the gene for the 13 ' subunit, we might expect to produce equal amounts of the two subunits in vitro. However, the 13' peak, if present in our gels, must be less than 10% of the size of the 13 peak, as no peak of higher molecular weight than 13 was resolved. The simplest explanation for our result is that these phages do not carry a complete gene for 13'. Perhaps the structural gene for 13' is not closely linked to the rif locus; alternatively, the genes for 13 and 13' may be closely linked, but all or part of the gene for 13' may be absent from the bacterial DNA fragment carried by the phages. The ,80drifr phages do, however, direct the synthesis of at least two other species of polypeptide that are smaller than 13 and are not synthesized from 480 or 080dlac DNA. These polypeptides form peaks in the 130,000-150,000 molecular weight region of the gel and are, therefore, not the a or a subunits, which have molecular weights of 40,000 and 90,000, respectively (1). One of the peaks might be related to 13' as a truncated 13' subunit made from an incomplete 13' cistron. The fact that DNAs from two independently isolated phages give identical products perhaps argues against this suggestion. It is possible that complete 13' polypeptides are synthesized but are rapidly broken down into the lowermolecular-weight material. Isolated 13' subunits are less stable in vitro than other polymerase subunits (2) . However, attempts to stabilize labile polypeptides after the synthetic period did not reveal any 13' material or any change in the patterns of the lower-molecular-weight peaks. Addition of protease inhibitors to the synthetic mixture also had no effect.
We did see a major effect on the lower-molecular-weight material when one give rise to large quantities of radioactive polypeptides in the protein-synthesis system in vitro. More extensive fractionation will be required to determine whether the 080drifr phages carry the structural genes for these subunits.
Our results show that ,B synthesis is not under control of cyclic AMP. The system described here should be useful for further studies of control of wild-type and mutant gene expression.
